Extensive research has been undertaken on the examination of tissue biopsies using vibrational spectroscopic techniques. However, fewer studies have focused on less invasive and commonly acquired blood samples. Recent studies have shown the ability of Raman and Fourier transform infrared spectroscopy (FTIR) spectroscopy to discriminate between non-cancer controls and cancer cases using blood serum or plasma. Even though many studies have proposed Raman spectroscopy as a potential diagnostic tool in various cancers, the Raman spectroscopic technique has not been introduced as a routine clinical technology. This is due to multiple drawbacks with the application of the technique, including sample preparation, the requirement for expensive substrates and long acquisition times. The current study aims to overcome these limitations and focuses on the translation of Raman spectroscopy into a high throughput clinical diagnostic tool for prostate cancer.
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Introduction
In western countries, prostate cancer is the second most frequently diagnosed cancer and the third most common cause of death from cancer in men 1 . Clinically there are several means of detecting prostate cancer including B-mode ultrasound, biopsy, and tumor marker screening, although each of these techniques possess some disadvantages. B-mode ultrasound images the formed solid tumor in the prostate gland and thus can only detect patients that have progressed through the early stages of cancer 2 . Biopsy is the gold standard for detection of cancer, but it is invasive and impractical for a high-risk patient with multiple suspicious lesions, and particularly so for deep-seated cancers such as that of the prostate. Tumor marker screening, in particular the measurement of prostate specific antigen (PSA), has significantly improved early diagnosis. The PSA test has a good specificity (91%) but is limited in sensitivity (20.5%). PSA levels can be high in some subjects without prostate cancer leading to overdiagnosis; also PSA has poorer discriminating ability in men with symptomatic benign prostatic hyperplasia 3 .
The potential of Raman and FTIR spectroscopy for diagnostic applications has been well investigated and demonstrated 4, 5, 6, 7 . The detailed information obtained from Raman spectroscopy provides information about the molecular structure and the composition of cells, tissues and biofluids, and ultimately promises an analysis of disease origin and progression.
The analysis of biofluids can enable powerful minimally invasive diagnostics for many diseases 8 .
Infrared (IR) spectroscopy is based on the absorption of infrared radiation by the sample under study and the fact that molecules absorb specific frequencies of the incident light which are characteristic of their structure. FTIR spectroscopy is a non-destructive, label-free method for studying molecular composition and the structure of macromolecules, either in their isolated form 9 or within complex biological systems such as cells and tissues 10 . It can quantitatively or qualitatively analyse spectral variations within the sample that may be linked to various molecular constituents, such as nucleic acids, carbohydrates proteins or lipids 11 . The modality has been recently applied to biofluids for screening diseases, such as Alzheimer's disease, galactosemia, hepatic fibrosis and hepatocellular carcinoma with high specificity and sensitivity (> 85%) 7, 11, 12, 13 . However there are some disadvantages associated with FTIR spectroscopic analysis of biofluids. Biofluids must be measured with FTIR spectroscopy in their dried state due to absorbance of water in the mid IR region. As glass has a spectral signature in the mid-IR region, glass slides cannot be used as substrates. In addition, because the FTIR method imposes constraints on sample thickness, uniformity and dilution to avoid saturation, some sample preparation is needed 14 .
Raman spectroscopy is based on inelastic scattering of monochromatic light, usually from a laser source. Inelastic scattering means that the frequency of photons in monochromatic light changes upon interaction with a sample 15 . Like FTIR spectroscopy, Raman spectroscopy is a label free, non-destructive technique for studying molecular composition. Key advantages include that it requires little to no sample preparation and has no interference from water. This is due to polar molecules, such as water, producing relatively weak Raman signals 16 . However, unlike FTIR spectroscopy, long spectral acquisition times are needed to achieve adequate SNR 17 . Raman spectroscopy has recently been applied to biofluids (serum or plasma) for discriminating between non cancer controls and head and neck cancer patients 18 , breast cancer patients 20 and cervical cancer patients 21 with sensitivity and specificity above 75%.
Despite its proven ability, Raman spectroscopy lags behind FTIR spectroscopy for the purposes of clinical diagnosis with biofluids due to certain limitations. Raman spectroscopic studies of biofluids to date have mainly been performed on dried samples deposited on spectroscopically neutral substrates such as CaF2. However, sample homogeneity and measurement reproducibility can be a problem 22, 23 . The CaF2 substrates are also very expensive and cannot be reused in clinical diagnosis. Due to the relatively low interaction cross-section for the Raman interaction, this also necessitates relatively long acquisition times in comparison with applications involving FTIR spectroscopy.
Therefore, the present study aims to overcome these limitations and contribute to the translation of Raman spectroscopy of biofliuds to the clinic. In the study, a HT-Raman spectroscopy method was developed for rapid screening of prostate cancer patients. Different instrumental and sample preparation parameters were tested for the identification of a suitable parameter set for the HT-Raman spectroscopy method. This HT method was developed using low cost substrates and liquid plasma samples drawn from prostate cancer patients and healthy volunteers. The classification performance of this method provides an overall higher sensitivity (96.5%) and specificity (95%) when compared to the conventional PSA test. In addition this method can analyse plasma samples in a 96-well microplate in less than one hour. Overall, this HT-Raman spectroscopy approach has the potential to translate into clinics for HT screening of prostate cancer patients using samples of liquid plasma samples. It also has potential to be adaptable to any other human body fluid. 
Materials and Methods

Ethical approval
Patient and control demographics
The healthy controls were a cohort of both males and females, smokers and non-smokers, all between the ages of 21 and 64, while the patients were male with an age range from 58 to 85.
Plasma separation
Whole blood was drawn into Lithium-heparin tubes from 10 healthy volunteers and 10 prostate cancer patients. Plasma was isolated from these blood samples by centrifugation at 3500 x g for 5 minutes at 18 0 C. The samples were subsequently stored at -80 0 C prior to Raman acquisition.
Raman spectroscopy Optimisation study
Extensive optimisation work has been carried out for the development of the HT Raman spectroscopy method. Plasma samples from healthy volunteers were used for the optimisation study. A Horiba Jobin Yvon LabRAM HR 800 was used to acquire Raman spectra from healthy plasma samples. The instrument was calibrated with the spectra using silicon (520.7cm -1 ). A range of parameters (Table 1) were tested during the optimisation of HT-Raman spectroscopy.
HT-Raman spectroscopic analysis of blood plasma samples
Frozen plasma samples, after passive thawing, were subjected to Raman spectroscopy by placing 20 µl plasma on a cover glass bottomed 96 well plate and the spectra were recorded automatically from each well where the spectrometer was programmed using an in house developed high throughput macro template.
Spectra of 1,4-Bis (2-methylstyryl) benzene were acquired prior to each daily measurement as a further wavenumber calibration, and sample spectra from each day were wavenumber corrected to the standard spectrum of 1,4-Bis (2-methylstyryl) benzene. The plasma samples were excited with the 785nm, 660nm, 532 nm and 473nm laser focused through a 10x objective (N.A. 0.25). Spectra were recorded using a diffraction grating ruled with a grating of 300 lines/mm (for 785nm and 660nm) and 600 lines/mm (for 532nm and 473nm) giving a spectral resolution of ~2.1cm -1 . Each spectrum was acquired in the region of 400-1800 cm -1 . Multiple spectra were recorded from each individual sample using 785nm and 532nm laser lines at various acquisition times as shown in Table 2 . Ten spectra per sample were recorded except for the acquisition time of 20 seconds and 2 accumulations using the 785 nm laser line whereby only 6 spectra per sample were recorded to avoid inconsistent spectra due to the drying of liquid plasma.
Approximately 1-2mg of lyophilized β-carotene was deposited on calcium fluoride slide and
Raman spectra were recorded with both 532 and 785nm laser lines. The laser was focused through a 50x objective (N.A. 0.55) using a diffraction grating ruled with a grating of 600 lines/mm for 532nm and 300 lines/mm for 785nm. Each spectrum was acquired in the region of 600-1800 cm -1 . Five spectra per sample were recorded with an acquisition time of 5 seconds and 3 accumulations.
Data analysis
The raw Raman spectra were baseline-corrected (Rubber band), smoothed (Savitzky-Golay, polynomial order 5, window width 15) and vector-normalized. These processed spectra were used for spectral comparisons and for computing the difference spectra. The mean and difference spectra were also computed to illustrate the intra-group heterogeneity. The spectra were also subjected to principal component analysis-linear discriminant analysis (PCA-LDA).
In brief, PCA is a routinely used method for multivariate data compression and visualization.
It describes data variance by identifying a new set of orthogonal features, called principal components (PCs) or factors 24 . In LDA, the discriminating plane is identified by maximising the ratio of between class variance and within class variance. LDA can be used in conjunction with PCA (PCA-LDA). PCA-LDA is a supervised method of using unsupervised PCA scores to define a linearly discriminating plane for classifying data sets using the feature space of the principal components. The advantage of doing this with Raman spectra is ultimately that the approach removes noise and covariance from the data and the generation of independent features that may be important for classification. PCA-LDA models were optimised using a leave-one-out-cross-validation (LOOCV), where the choice of the number of latent variables (principal components) was chosen from where the accuracy of classification reached the first maximum and where additional principal components did not contribute to the overall accuracy of the PCA-LDA performance.
LOOCV is a type of rotation estimation, a technique used for assessing the performance of a predictive model with a hypothetical validation set when an explicit validation set is not available. Leave-one-out involves using a single observation from the original sample as the validation data, and the remaining observations as training data. This is repeated such that each observation in the sample is used once as the validation data and all observations are used to form a confusion matrix. Though LOOCV may yield over optimistic results, in most cases it gives a reasonable first estimate of the model performance and is thus normally employed for small datasets 25 . Since multiple spectra were acquired from each sample, data analysis is carried out using a spectrum-wise approach, where each spectrum is treated as an independent sample and all spectra are individually analysed by PC-LDA. Signal to noise ratio (SNR) and classification accuracies of the HT-Raman spectroscopy method were also calculated.
Algorithms for all of these analyses were generated in-house implemented the R-based statistical software (Version 0.99.896) 26, 27, 28 .
Results and discussion
Optimisation results
Laser lines
Four different laser lines (785nm, 660nm, 532nm and 473nm) were tested for the development of HT-Raman spectroscopy method, and sample spectra acquired with each of the laser lines are shown in Figure 1 . Only the 785nm laser line gave a good biochemical signature of liquid plasma samples. Fluorescence was observed when liquid plasma samples were excited with the 660nm laser line and a resonance Raman effect was observed when samples were excited with the 532 and 473nm laser lines. This was also observed in previous studies 19 . Along with the 785nm laser line, the 532nm line was also selected for developing the HT-Raman technology due to the highly intense Raman bands that can be observed in the regions 1155 and 1523cm -1 . These bands are tentatively assigned to β-carotenoids and are only observed when blood plasma is excited at lower wavelengths 19 . These specific -carotenoids were previously found to be more highly expressed in healthy controls compared to cancer patients 19 .
Substrates
The 785nm laser line was used for the optimisation study of various parameters (Figure 2 ). 
Microscope geometry and choice of objective lenses
Liquid plasma spectra were recorded in both upright and inverted geometry. Spectra recorded using an upright geometry had a higher SNR (47.3dB) compared to those measured using an inverted geometry (43.6dB). However, for small volumes of plasma (20 l), difficulties were encountered focussing into the liquid plasma using the upright geometry set up. Thus, the inverted geometry set up was selected for further optimisation.
Various dry and immersion objectives were tested for the HT-Raman method (Figure 3 ). Immersion objectives gave slightly better quality spectra with higher SNR (43.6dB) compared to dry objectives (43.3dB) due to the increased numerical aperture. However, it was not possible to keep the drop of water or oil between the objective lens and each well consistently positioned across the 96 well plate due to smearing of the drop during movement of the stage from one well to the next. A low magnification 10x (N.A. 0.25) dry objective was selected for this study because it could more easily focus through the glass coverslip into the liquid plasma than a higher magnifcation objective lens. Use of an inverted geometry together with a low magnification objective lens allowed focussing of the laser into the liquid plasma and collection of the Raman scattered light without any interference from the glass coverslip.
Filtration and sample volume
As this study focused on liquid plasma samples, these samples were filtered using centrifugal filter devices (3K and 10K Amicon Ultra 0.5ml, Merck, Germany) in an attempt to concentrate them 29 . Raman spectra from unfiltered and filtered plasma samples did not show any significant difference in spectral signature nor in spectral quality ( Figure 4A ) and had similar SNR (43.6dB).
Various plasma volumes of 20 to 300µl (for increments refer to Table 1 ) were also tested. No significant difference in the spectral information or quality was observed in plasma samples excited with the 785nm laser line in the inverted set up ( Figure 4B ). This was also confirmed by SNR, all the sample volumes had the same SNR of 43.7dB. As a result, 20 µl of liquid plasma was selected for the development of the HT-Raman method to minimise the quantity of plasma required for the spectral acquisition.
HT-Raman spectroscopy method
The parameters that were selected from the optimisation study are listed in Table 3 . A motorised XYZ sample stage was used for the development of the HT-Raman spectroscopy method to move the multiwell plate automatically in a horizontal and vertical direction. The motorised stage allows acquisition of spectra from the center of each well throughout the 96 well plate. Multiple spectra were recorded from each sample using the Labspec software. The laser was focused on the bottom of the 96 well plate and using the motorised stage the focus was adjusted into the sample (-550 µm from the bottom of the plate into the sample), allowing acquisition of 10 or more spectra at various depths of plasma volume (+/-10µm from the centre of the well). This was used as a method to take multiple spectra from each sample, not necessarily to record spectra from different volumes of the same sample. Focusing the laser into the sample and away from the substrate also avoids the contribution of the glass substrate in the spectra. Overall, this HT-Raman spectroscopy method is capable of automatically recording multiple spectra from each well throughout the 96 well plate. A schematic representation of the HT-Raman spectroscopy method is presented in Figure 5 . This in house developed method was employed for rapid screening of liquid plasma samples from healthy volunteers and prostate cancer patients.
HT-Raman spectroscopy of liquid plasma samples from healthy volunteers and prostate cancer
Spectral features
Vector normalised mean and difference spectra of liquid plasma from healthy volunteers and prostate cancer patients are presented in Figure 6 . Differences in the form of intensity related variations were observed across these mean spectra. Significant differences were observed in the region around 1155 and 1523 cm -1 between cancer and control spectra. These bands were observed with high intensity in normal spectra compared to mean cancer spectra. To explain the differences between healthy volunteers and prostate cancer patients, difference spectra were computed by subtracting the mean of the spectra from the healthy volunteers from the mean of the spectra from the prostate cancer patients. Figure 6A shows the mean and difference spectra of liquid plasma samples from healthy volunteers and prostate cancer patients recorded with the 785nm laser line using an integration time of 10 seconds averaged over 2 accumulations. The difference spectrum clearly shows highly intense bands at 1155 and 1523cm -1 . Figure 6B also shows the mean and difference spectra of liquid plasma samples from healthy volunteers and prostate cancer patients recorded with the 532nm laser line with an integration time of 1 second averaged over 3 accumulations.
Similar discriminating features were found with both the 785nm and 532nm laser lines and the discriminating features were near resonance at 532nm. These discriminating spectral features can be tentatively assigned to β carotenoids 19 . As a means of validating this assignment, spectra from β-carotene were recorded with both 532 and 785nm laser line. The β-carotene spectra resembles closely the difference spectra with high intense bands in the regions 1155 and 1523cm -1 ( figure 7) . The difference spectra in this study can therefore be tentatively assigned to β carotenoids or other related molecules.
PCA was also performed on the vector normalised spectra of cancer and control groups. Figure   8 shows the scatter plot of the PCA classification of cancer and control group spectra acquired with the 532nm laser line. The first two principal components (PC) were used to visualise the classification between the groups. Two minimally overlapping clusters for cancer and normal groups were observed. The PC's showed a high correlation to that of the difference spectra shown in Figure 6 . PCA showed that the two β carotene related peaks had differences between the control and cancer group. As mentioned earlier, these carotenoid levels are often fund to be higher in the control group compared to the group of patients with cancer
Classification efficiency of HT-Raman using 532 and 785nm laser lines
Blood plasma samples are colloidal dispersions, and can demonstrate heterogeneous behaviour in a micro-probing area, possibly because of the non-uniform distribution of the plasma constituents in the small volume under consideration. Thus, 10 spectra were recorded from each sample and the data were analysed using spectrum-wise approaches to investigate the uniformity of the distribution of the plasma analytes. The spectrum-wise approach, where each spectrum is treated as an independent entity, was adopted to explore if sample heterogeneity can influence the classification between control and cancer samples.
The preprocessed spectra were subjected to supervised PCA-LDA, using the spectrum wise approach, and validated using leave-one-spectrum-out analysis (as described in materials & methods). The results of PCA-LDA are depicted in the form of a scatter plot and a confusion matrix. The confusion matrix is generated to understand the discrimination between the groups obtained by accounting for the contribution of all factors selected for analysis.
The vector-normalized spectra from the control and cancer groups were imported into R software for processing using in-house developed algorithms and subsequent classification using PCA-LDA. Figure 9A shows scatter plot of control (n=10) and cancer (n=10) plasma spectra recorded with 785nm laser line. An LDA classifier was built using the first five principal components and the LDA scores from the classification are shown in the scatter plot.
Two well differentiated clusters for control and cancer groups were observed. As shown in the confusion matrix in Table 4A , 58/60 cancer spectra and 57/60 control spectra were correctly classified with a sensitivity and specificity of 96.5% and 95% respectively. Figure 9B shows the scatter plot of control (n=10) and cancer (n=10) plasma spectra recorded with 532nm laser line. An LDA classifier was built using the first two principal components and the LDA scores from the classification are shown in the scatter plot. Two well differentiated clusters for control and cancer groups were observed. As shown in the confusion matrix in Table 4B , 80/100 cancer spectra and 100/100 control spectra were correctly classified with a sensitivity and specificity of 80% and 100% respectively.
As multiple spectra were recorded with two different laser lines at various acquisition times, the classification accuracy of the two laser lines was compared in figure 10A . Classification accuracies were determined by the sum of the diagonal elements of the confusion matrix divided by total sum of all elements of the confusion matrix. The accuracy of the classification increased with increasing acquisition time for the 785nm laser line but the classification accuracy remained the same after 1 second for the 532nm laser line. The classification accuracies of 785 and 532nm laser lines at different acquisition times are shown in Table 5 . Figure 10B shows the comparison of SNR values for the 785 and 532nm laser lines. SNR increased with increasing acquisition time.
Conclusion
In the study, a high throughput methodology has been developed that can screen prostate cancer patients with a higher sensitivity and specificity than the conventional PSA test. Spectral differences are mainly observed in the region around 1155 and 1523 cm -1 across the analysed groups. These bands were highly expressed in healthy volunteers compared to prostate cancer patients. Control versus cancer cases could be classified with similar discriminating features using both 785 and 532nm laser lines and the discriminating features were resonant at 532nm.
The discriminating feature in this study is tentatively assigned to β carotenoids or other related molecules. Carotenoids have been shown to inhibit cancerous changes in several organs including mammary gland, lung, liver and colon 30 . It has been previously reported that the amount of β carotene present in blood decreases during cancer conditions. Reports suggest that β carotene levels are significantly reduced in blood plasma of women with histopathologically diagnosed cervical dysplasia and an inverse association between β carotene plasma levels and increasingly severe graded cervical histopathology 31 . Epidemiological studies have suggested that high endogenous levels of pro-oxidants and deficiencies in levels of antioxidants are likely to be an important risk in the progression of pre-cancer to cancer 32 . An increased breast cancer risk was also observed in subjects with lower levels of β carotene 20 . Recent studies also reported lower levels of β carotene in the serum of oral cancers, buccal mucosa cancer, tongue cancer and cervical cancer as compared to healthy controls 21, 33 . The higher levels of β carotene in the healthy controls compared to cancer patients observed in this study are in concordance with the existing reports. However, further studies are required to confirm the precise molecule(s) that differentiate control and cancer cohorts. PCA-LDA findings indicate the possibility of classifying the prostate cancer patients from healthy volunteers with a sensitivity of 96.5% (at 20 seconds and 2 accumulations) and 80% (at 0.5 seconds and 2 accumulations) using the 785 and 532nm laser lines respectively. Classification accuracy and SNR increased with increasing acquisition times for the 785nm laser line but classification accuracy remained the same after 1 second for the 532nm laser line.
A classification accuracy of 95.8% could be achieved with an acquisition time of 40 seconds (20s with 2 integrations) using the 785nm laser line but a classification accuracy of 90% could be achieved with an acquisition time of 1 second using the 532nm laser line.
It is acknowledged that a limitation of the present study is that age matched controls were not used. However, the main objective of this study was to develop a HT Raman spectroscopy method for rapid screening of liquid plasma samples and the control and cancer samples were used to illustrate this method. Future work will further investigate the discrimination of non cancer controls and cancer cases using age matched samples. As the data set is small, LOOCV was used but for future validation a larger sample set would be required.
The cost of substrates is one of the factors limiting the clinical translation of Raman spectroscopy. Raman spectroscopy uses expensive substrates (such as CaF2) for analysis of biological samples making Raman based diagnostics more expensive than existing methods.
Moreover these substrates cannot be reused in a clinical setting. Identifying suitable inexpensive substrates will help to overcome this limitation. This study has revealed that inexpensive cover glass substrates can be used rather than more expensive alternatives.
HT-Raman spectroscopy of blood plasma may be a more practical and patient friendly approach for screening of prostate cancer patients. This technology could produce a result within hours of patient admission as in total, 96 blood plasma samples could be analysed in less than one hour using this method. Future work will be based on validating the results of this HT-Raman study on a larger sample size with appropriate age matched controls. Table 2 . Different acquisition times tested for the HT-Raman spectroscopy method. Table 3 . Parameters selected for HT-Raman spectroscopy method. 
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